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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



W 
9 

m 
I 



Symbol 



Length 
Time,_ 
ForcG._ 

Power- 
Speed. 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram - 



horsepower (metric), 
(kilometers per liour_ 
Imeters per second - _ . 



Abbrevia- 
tion 



m 

s 

kg 



kph 
mps 



English 



Unit 



foot (or mile) 

second (or hour)__ 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft (or mi) 
sec (or hr) 
lb 



hp 

mph 
fps 



2. GENERAL SYMBOLS 



Weight 

Standard acceleration of gravity =9.80665 m/s^ 
or 32.1740 ft/sec^ 

Mass=— 
9 

Moment of inertia=mt^ (Indicate axis of 

radius of gyi^ation k by proper subscript.) 
Coefficient of viscosity 



, Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m-*-s^ at 15° C 

and 760 mm; or 0.002378 Ib-ft"-^ sec^ 
Specific weight of ^'standard'' air, 1,2255 kg/m^ or 

0.07651 Ib/cu ft 



3. AERODINAMIC SYMBOLS 



s 

Sto 

0 
b 
c 


Area 

Area of wing 
Gap 
Span 
Chord 




A 


Aspect ratio, ^ 




V 


True air speed 




2 


Dynamic pressure, ^pV^ 




L 


L 

Lift, absolute coefficient Ci=^ 




D 


Drag, absolute coefficient ^^o=^ 




Do 


Profile drag, absolute coefficient Cdo= 


Do 
'-qS 


Di 


Induced drag, absolute coefficient Coj- 


-qS 


z>. 


Parasite drag, absolute coefficient Gop 


D, 


G 


Q 

Cross-wind force, absolute coefficient Gc=-^ 



it 
Q 

R 



Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds number, p— where Z is a linear dimen- 



€ 

«0 
«i 
"a 



sion (e.g., for an airfoil of 1 .0 ft chord, 100 mph, 
standard pressure at 15^ C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1,0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 

Plight-path angle 
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EFFECT OF TILT OF THE PROPELLER AXIS ON THE LONGITUDINAL- STABILITY CHARACTER- 
ISTICS OF SINGLE-ENGINE AIRPLANES 

By Harry J. Goett and Noel K. Delaxy 



SUMMARY 

Tke results of tests of a model of a single-engine airplane 
with two (liferent tilts of the propeller axis are reported herein. 
The results indicate that on a typical design a 5^ downward 
tilt of the propeller axis will considerably reduce the destabiliz- 
ing effects of power. This reduction is equivalent to as much 
as a 0.05 mean aerodynamic chord farorable shijt of the neutral 
point for 2,100-horsepower operation {at a Cl oJ 0.8). For 
3 450'horsepower operation the increase in the stability is equiv- 
alent to a 0.10 M. A. C. shift in the stick-fixed neutral point at 
a Cl of 0.8. The improvement in handling characteristics 
{elevator angle and stick force against velocity, and stick force 
against normal acceleration) resulting from these effects is 
evaluated. It is shoivn that, by use of the tilted propeller, the 
stick force in accelerated maneuvers can be reduced at no sacri- 
fice of power-on stability. 

A comparison of the experimental results with those computed 
by use of existing theory is included. It is shown that the 
results can be predicted with an accuracy acceptable for pre- 
liminary design j^urposes, particularly at the higher powers 
where the effects are of significant magnitude, 

INTRODUCTION 

Tlic designer of a moderji pursuit airplane is confronted 
with the conflicting reciuirements of maneuverability and 
stability and, due to the large effects of power, it is becoming 
progressively more didicult to compromise these require- 
ments in a single-engine airplane. For example, present 
Hying ciualilies specifications call for a low^ stick force per 
unit normal acceleration and, at the same time, require stick- 
fixed and stick-free stability under Hight conditions where 
the efl'ects of power are large (e. g., a rated-pow(»r climb or 
partial-power approach). A low longitudinal stability is 
conductive to the attainment of the former requirement, 
while a high stability (witJi powcM- off or at high speed) is 
required by the latter. 'Jlie margin necessary on a modern 
single-CQghie fighter tends to be so great that in order to 
attain the desired light stick force in maneuvers, an unduly 
close-balanc(Ml elevator must be resorted to. 

As an illustration of this poijit, consider a typical single- 
(Uigine airplane powercul with a 2,100-horsepower engine, 
weighing 14,000 pounds, and with a wing loaduig of 40 
pounds per square foot. With aii airplane of normal dimen- 
sions a forward shift of the neutral point of as much as 10 
percent M. A. C. will occm^, due to the application of rated 



power at a Cl of 0.8 (143 mph). If stability is to be main- 
tained in this condition, a dCJdCL of at least —0.10 must 
exist power oft' (or at high speed where the effects of power 
are small). If the stick force in steady turns is to be kept 
within tbe limit of 8 pomids per g (which is required for a 
fighter or an attack airplane), a dCnjdhe of the order of 
—0.001 on a 30-percent-chord elevator is required. The 
maintenance of this close* balance over ajiything but a 
limited elevato]-d(*fl(H*lioJi rajige will be difficult, and the 
control will ho sul)j(H't to overbalance due to small nianufac- 
tui iiiu iiitiojis jji cojitour or due to Mach number effects. 

It is apparent that any design change in the airplane, 
which will reduce the destabilizing efl'ects of power, will 
permit the reduction of the power-off stability which must 
be built into the airplane. Thus, the attainment of both 
a low stick foire per g and stability in high-powered low- 
speed flight will be facihtated. An effective means for 
decreasing the destabilizing effects of power is to give the 
propeller thrust axis a slight downward tilt. A 5° tilt on 
an airplane of normal nose length will give the thrust axis 
a moment arm of the order of 0.1 M. A. C. about the center 
of gravity. On the typical airplane being considered, the 
residting thrust moment (if fully effective) would cause a 
stabilizing increment of —0.04 in dCJdCL at a Cl of 0.8 for 
climb with 2100 horsepower To=0.27). The schematic 
sketch on figure 1 shows that a tilt of this magnitude could 
be attained with very little, if any, change in the* extei'nal 
fines of the aiiplane. 

In addition to the efi'ect of tilt of the propeller arising 
(liirrlly fiom the proi)ellcr forces, thei'c wiU be a secondary 
eH'ccl on the slipstream which also wifi be beneficial. Since 
the vertical component of the thrust is decreased by tilting 
the thrust axis downward, the change in downwash resulting 
from this vertical component wifi also be decreased.^ The 
stabilizing effect of the decreased change in downwash can- 
not be computed readily, but rough estimates indicate that 
it could be about half as large as the efi'ect due to thrust 
moment. 

Thus, this cursory examination indicates that the for- 
ward shift of the neutral point might be reduced from about 
0.10 M. A. C. with an untilted propeller axis to 0.04 M. A. C. 
with a 5° tilt (figures given for 2,100 hp. at a Cl of 0.8). 
However, there was the possibility that a given geometric 
tilt of the thrust axis might not result in an e(iual anguhir 

' The destabilizing elTects of power are traceable in a large measure to the increase of down 
wash in tbe slipstream and the resulting influence on the tail-pitching moment. 

1 



2 



REPORT NO. 7 74 — NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 




F ul I- scale dimensions 



AC =-^?_ + -^'''L 

"^"•prop ^pViSc :^pV2Sc 
Figure l— Schematic installation of tilted engine. 




(a) Xorinal tail 




(b) Kovised tail 

FiGLKK Single-engine airplane model nioiinted in the 7- by 10-foot tunnel. 



('lian<^(» of the line of action of the thrust. There also was 
a need for verification of the computed effects on the tail 
and a determination of the influence of the position of the 
tail with respect to tho slipstream. Accordingly, the tests 
reported herein were conducted on a model of a typical 
single-engine airplane with two different tilts of the pro- 
peller axis. This report presents the results, shows the 
effects on the associated flying quahties, and compares the 
effects with those computed from the basic theory involved. 
The symbols used throughout the report are defined in 
appendix A. 

MODEL AND APPARATUS 

All tests were run in the Ames 7- by 10-foot wind tunnel 
No. 2. Figure 2 shows the model mounted in the tunnel. 

A three-view drawing of the model is shown on figure 3. 
It was assumed to be a /le-scale model of an airplane weigh- 
ing 14,700 pounds, wing loading 39.2. The characteristic 
dimensions of the model and the full-scale airplane (assum- 
ing ^6 scale) are given in the table on figure 3. The model 
was (^quipped with vaned, slotted flaps. It will be noted 
that there are two tail locations: one designated the normal 
(ail position, and the other the raised tail position. Figure 
4 shows the location of these tails relative to the fuselage 
reference line (a line corresponding to an untilted thi'ust 
axis) . 

l^'nless specifically stated otherwise all ])it('hing moments 
herein are referred to the 0.25 M. A. C. point, the location of 
which is shown on figure 3. The relation of the thrust axis, 
center of gravity, and wing is given in more detail in figure 1 . 
Tilts of the propeller of —0.8° and —5.5° were tested. (Nega- 
tive sign indicates a downward tilt.) This tilt was ob- 
tained by rotating the motor about a horizontal line passing 
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22.16"- 

5.64" \ ^2.90" 




^30% chord line 



Fusel age 

reference 

line 



llirouglv llio centin- of rotation of the pi'opcller. Thus the 
vertical position of the propeller was not affected by the 
tilt. Sufficient clearance existed inside the cowl so that the 
motor could be tilted without any alteration of the external 
lines of the model. 

Details of the horizoiitnl surface arc shown in figure 5. 
The tail volume was ().");)"), wliicii is believed to be in the 
normal range for this type of airplane. The elevator was 
r(^sti-aiucd by an cl(M*t ricji 1 tyj)c strain ^j:aii-c which was used 
for the incasni'(M^icnt of hinuc inoiniMiis. In tlie computation 
of stick forc(\^ iVom \ l)c liinu-c nioniciits, a 32^ movement of a 
2r).r)-incli >ri( k w as assumed with tlu^ elevator operating in a 
dcliecti{)n range of 20^ to —30^. With a Tuu^ar relation this 
gives an F/HAI of 0.735. 

The model was powtMunl with a 100-liorsepower motor 
driving a four-blade single-rotating propellcM". All tests 
were run with the propeller set at a blade angle of 21.0° at 
the 0.75/?. The experimentally determined Tc against 
VjuD relationship for this setting is shown in figure 6. The 
variation of A' (pi-opdlcr noi-mal-force factor) with V/nD as 
computed from llu^ (^xptMinnMitally determined Cp against 
V/nD characterislics of the nuxU'l propeller at a 21.0° blade 



Gross weight 

Wiiic span. 

Wini: area 

MAC. 

Aspect ratio 

Koot chord 

Tip chord 

Total flap span 

Center of gravity 

Hor. tail area-. 

C. G. to C. P. of taU.. 

/i = prop. tp C. G 

l2=C. O. to elev. H. L 



Basic data 



Full scale 



14,700 lbs 

45 ft 

375 sq. it, 

8.7 ft 

5.4 

n.97ft... 
5.58 ft---. 
67% span. 
25% mac. 
85.3 sq. ft 
20.7 ft-- 
n.71ft-- 
22.5 ft- — 



Model scale 



8.36 ft. 
13.181 sq. ft. 
1.63 ft. 
5.4. 

2.09 ft. 
1.045 ft. 
67% span. 
25% mac. 
3.007 sq. ft. 
3.88 ft. 
2.198 ft. 
4.205 ft. 



Figure 3.— Three views of a Ms-scale model of a singlo-engine airplano. 




Figure 4.— Schematic drawing of normal and raised tail position. 
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setting is shown on liguro 7. Tho assunuHl rull-scalo Tc 
against Cj^ relationships for 920, 2100, and 3450 horsepower 
(and a wing loading of 39.2 Ib./ft.^) are shown in figure 8. 

TESTS AND REDUCTION OF DATA 

The tests consisted of a series of nnis at constant values 
of T,y with flaps up and flaps deflected 38°, and with the 
propeller tilted both —0.8° and —5.5°. These tests were 
made with tail removed, tail in its normal position with 



r use f age infersection 



Full-scole dimensions 




Total horizontal tail aroa =85.3 ft. 

Total elevator area aft of hinge liiie=23.3 sri. ft. 
A vcrafic chord aft of hinge line = 1 .40 ft. 

Figure 5.— Details ol horizontal tail. 
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FiciURE ri." Variation of T, with VinD (or model iJro|)c!ler at a hla<lo aj)p!e of 21" at O.T 
radius. Diameter =?.373 ft., n = 100 rps. 
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Figure ;i 



V/nD 

n()(l( 
idius 

r 



1.0 



1.2 



I 



Variation of K with \ jnl) for model proijclU'r at a blade angle of 21.0° at 0.75 
radius. 




.4 .6 .8 1.0 

Thrust coefficient, Tc 
Figure 8.— Afssunu'd variation of fhrust coe/Iicicni u ifh lift coefficient in .'Jteady flight for 
920, 2,100. and 3,lnO horsepower. Winj: l()adinp = :iu.2 Ib /sq. ft. Propeller diameter = 1? 67 ft 
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several elevator (Ic^lKn'tions, and (ail in tlie raised |)()siti()n 
with FKMitral elevator only. A similar series of propeller- 
removed tests was also made. 

The values of Tc were selected so that tlie thrust resulting 
IVom the use of 3,450 horsepower could be simulated with 
flaps up am] 2,100 horsepower with flaps down. The various 
values of Tc were obtained by holdino; the motor power at its 



safe limit and adjusting the test velocity to secure the re- 
quired VInD. The test Reynolds number varied fiom 
900,000 to 2,500,000 ck^pendent upon the value of 1\. The 
results obtained in this fashion were plotted against Tc as 
the major variable with angle of attack as a parameter. 
Cross plots were then made for the preselected Tc against 
Cl relationships (shown in fig. 8) equivalent to 920, 2,100, 




0 



.2 



.6 



.8 



8 



1.0 



10 1.2 0 .2 .4 .6 

Lift coefficient, Cl 

(a) Till of the propeller axis =-.8« ^''^^ of the propeller axis^-S.S'^ 

Figure Effect of propeller operation on lon5:itu<linal stability of a sinjrle-iMijrine airplane \s\\\\ two tilts of the propeller axis. Normal tail position 6,=0° Haps uj 



1.2 



.24^ 




Fkiure 10 —Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Normal tail position 5^= -5° flaps up. 
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and 8,4o0 liorsoi)(>\v(M'. Tlu* results of tlicso cross plots, 
which are oqiiivaleiit to the conv(Mi{ ioiial coiistaiit-power 
])olai-s, are prosonted heroin. 

RESULTS AND DISCUSSION 

PITCHIN(: MOMENT, FLAPS UP 

The effect of propclh^- o|)(M-ation on the i)itcliino; moment 
of the model (tail iji jiormal j)osition) with two dillVrent 

.04 ^ ^ ^ , ^ ^ ^ ^ . . , . r- 



propcllcr tilts is shown i/i figures 9 to 1 1. The shift in neutral 
point at various lift coefficients, as determined from dCmldCL 
about {\w 0.25 M. A. C. point with elevator i\i^fiiH^iQ(\ for 
trim, is shown on figure 12. 

From inspection of these figures the beneficial effect of tilt 
of the propeller axis is evident. The characteristic desta- 
bilizing effect of power is present with the —0.8° tilt, while 
witli th(* —5.5° tilt it is (Mther considciaMy (h^creased or 




.60 




JO 



(a) 



O .2 .4 .6 .8 1.0 1.2 0 .2 .4 .6 .8 1.0 1.2 

Lift coefficient, Cj^ 

(a) Tilt of tho propeller axis = -.8° (h) Tilt of the propeller axis=-5.5'' 

Figure r2.-ElTect of propeller operation on neutral point location of a single-engine airplane with two tilts of the propeller axis. Normal tail position -elevator deflected to trim— flaps up. 
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entirely eliminated, dependent on tho load carried by the tail 
(as determined by the elevator deflection). It will be 
observed from figm-e 12 (a) that, at a Cl of 0.8, the applica- 
tion of 2,100 horsepower causes a forward shift in neutral 
point of 0.10 M. A. C. with the — O.S"" tilt in contrast to 0.05 
M. A. C. shift with the —5.5° tilt. Thus, the beneficial 
effect of the tilt is equivalent to a shift in the neutral point 
of 0.05 M. A. C. compared to the possible 0.06 M. A. C. shift 

■/^i 1 \ \ \ 1 1 1 \ \ \ \ v 



discussed in the I Jitroduction. A morc^ (^xtcMidcd comparison 
of ex])(^ri]n(^ntal and computed results is y^'wcw \\\ srction 
Applicalioii to Other Designs. As indiraU^l rluTriii the 
corrcspoiKU^nce between the (•omi)ut(Hl and c^xpcrimental 
icsiills varies somewhat, (IcjXMidcnt on the power and (\. 
However, in general, the corrcspondcjice tcjids to be best at 
the higher powers where the ('fleets are greatest. 

From the data presented iu fi.u'ure 13 (for tail off) and 



.08 



(U 
0 

o 

o - 

1 

o 




-.16 



1.0 1.2 0 .2 

Lift coefficient^ 



.4 



.6 



i.O 



1.2 



(a) Tilt of the propeller axis =--.8° 



(b) Tilt of the propeller axis= -5.5° 



FiGUHE I3.-Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Tail ofi, nai)s up. 




1.0 



d 



i.O 



i.2 O .2 .4 .6 

Lift coefficient, Cl 

(a) Tilt of the propeller axis=-.8^ (b) Tilt of the propeller a>:is=-5.5° 

Fi.JURE 14.-Enecl of propeller operation on longitudinal stabilily of a single-engine airplane with two tilts of the propeller axis. Raised tail posiiion, 6,=0°. Haps up, 
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Lift coefficient, 
0 .2 .4 ,6 .8 1.0 1.3 




-.13^ ^ ' 1 \ 1 \ 1 1 i M I I 

(a) 920 hp (b) 2,100 hp (c) 3,450 hp 

aHQDiji 15— Experimental increment in pitching moment due to propeller tilt. Flaps up, 
tail ofT, and tail on with eluvatorncutraJ. 

ligurc 14 (tail in the raised position), it is possible to deter- 
mine the extent to which these affects are due to the direct 
propeller forces and the influence of tlie tail hei<>ht on the 
tail effects. The incremental effects of the tilt of the pro- 
peller have been determined from the data of figures 9, 13, 
and 14, and are presented in figure 15 in the form of MAC,,^ 
against C^. It will be observed that the direct eft'ects of the 
propeller tend to predominate over the tail effects. The 
increase in tail height causes a decrease in the beneficial 
elTect of the tilt, mainly, because with the higher tail position 
the over-all destabilizing effects of power are somewhat less; 
therefore, there is less to be gained by a change. A more 
detailed analysis of this is given in the section Application to 
Other Designs along with a comparison of the experimental 
and computed results. It is shown there that the normal 
tail is in such a position as to suffer the greatest effects of 
power; therefore, the effect of the tilt on the tail pitching 



moment shown on figure 15 is probably the maximum which 
will be measured for any tail height. 

PITCHING MOMENT, FLAPS DEFLECTED 38° 

The effect of propeller operation on the pitching moment 
of the model with flaps deflected is shown in figures 16 to 20. 
The location of the neutral point at various lift coefficients 
as determined from cICJcWl with elevator deflected for ti-im 
is shown on figure 21. 

The trend of the results is the same as that observed with 
flaps up. In a typical approach condition (920 hp. at a 
Cl of 2.0) a favorable neutral point shift due to the tilt of as 
much as 0.035 M. A. C. is realized. With 2100 horsepower 
the shift is 0.05 M. A. C. at this C^. Figure 22 shows that 
the major portion of the increase in stability came from the 
direct propeller forces. The A(AC;«) with tail off is very 
nearly equal to that with tail on up to a Cl of 1.6. As will 
be shown later this is due to the fact that the slipstream 
passes under the tail, and thus there is very little difference 
in the change in pitching moment resulting from the tilt for 
the two tail heights. 

EFFECT ON HINGE MOMENT AND LIFT 

Elevator hinge moment for flaps up and flaps deflected 38"^ 
is presented in figm-es 23 and 24. There is little or no 
change due to tilting the thrust line. This might be expected 
since dC^Jdi^ is small for the model tested and the average 
velocity over the tail is not changed to a very large extent 
due to tilt. 

The maximum lift coefficient, tail off, was decreased 0.06 
for flaps retracted and 0.07 for flaps deflected with 2,100 
horsepower (fig. 25). The decrease in lift is dii^ectly trace- 
able to the change in the vertical component of the thrust 
and normal force. The low-power maximum lift, which 
will be more frequently used, is decreased about 0.04, 
probably a negligible amount. 

EFFECT ON THE LONGITUDINAL HANDLING QUALITIES 

The longitudinal handling qualities were predicted for 
flaps up (fig. 26) and flaps deflected (fig. 27) from the data 
previously i)resente(l for the various power conditions tested. 

Flaps retracted. — The stick force against velocity curves 
were computed for trim at (7l=0.6 which corresponds to a 
velocity of 160 miles per hour, a normal climb speed. Fig- 
ure 26 (a) shows that, with —0.8° tilt, there is marginal 
stick-free stabihty with 2,100 horsepower, while with 3,450 
horsepower marked instability exists. In contrast to this, 
with —5.5° tilt (fig. 26 (b)), considerable stability exists for 
the 2,100-horsepower conditions and the airplane becomes 
only marginally stable with 3,450 horsepower. It is obvi- 
ous from the previous discussion that, since the tilt of the 
propeller axis does not affect the elevator hinge moments, 
all the change in the stick-free characteristics is due to the 
increase in the slope of Cm against Cl. The increased varia- 
tion of he with Vi resulting therefrom (fig. 26) causes the 
more stable variation of stick force with Vi. 

As was pointed out in the Introduction, the maintenance 
of stability in the high-power low-speed condition necessitates 
that a high degree of stability be present under conditions 
where the power effects are small (e. g., high speed). This 
condition is evident in figm-e 26 (a) where, in order to obtain 
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just marginal stability with 2,100 Iiorscpower, the basic 
stability must be so high that an excessive stick force per g 
(30 lb.) is present in high-speed maneuvers. If advantage is 
taken of the decreased effect of power made possi))le by the 
tilted propeller, the basic stability can be coiisuh r;il)ly de- 
creased with a consequent reduction of the stick force per g. 
The decrease in stability normally would be secured by a 
decreased tail size, so that not only would a reduction in 



stick force result from a decreased dCmldCL but also from the 
decreased area of the elevator. The precise evaluation of 
such a saving could only be made by testing a reduced size 
tail. However, a result (which will be on the conservative 
side) can be obtained from the data available if the decrease 
in (ICJcICl is assumed to come from a rearwjud niovciiKMit of 
the center of gravity. (The advantage gainiHl IVom nnluced 
elevator area is not included in this procedure.) The char- 
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(a) Tilt o( the propeller axis=-.8° 



(b) Tilt of the propeller axis = — 5.5° 



Fi(;uKE JG.- ElToct of propeller operation on longitudinal stability of a single-i'ngitie airplane with two \ ilfs of the propeller axis. Normal tail position 5,=0° flaps deflected 3S°, 
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Lift coefficient, Cl 

(a) Tilt of the propeller axis=-.8° (b) Tilt of the propeller axis=-.5.5° 

FiGtJRE 17.— Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Normal tail position 5,= -5° flaps deflected 38°. 
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FiouRE 18.— Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propellei nxis. Normal tail position 5«=— 10° flaps deflected 38°. 




Lift coefficient, Cl 

(a) Tilt of the propeller axis= -.8*' (b) Tilt of the propeller axis= -5.5° 

Yicmi^ 19.— E/Tect of propeller operation on longitudinal stability of a single-en^riiu' airplane with two tilts of the propeller axis. Raised tail position 5,=U° flaps deflected 38°. 
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(a) Tilt of the propeller axis=-.8° 
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Cb) Tilt of the propeller axis = -5.5° 



FIGURE 21 -Effect Of propeller operation on neutral point location of a single-engine airplane with two tilts of the propeller axis. Xormal tail position, elevator deflection to trim, flaps 

deflected 38°. 
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acteristics for a 0.30 M. A. C. conter-of-gravity position with 
— 5.5° tilt of the propeller are shown on figure 20 (c). It will 
be noted that the stick force against velocity characteristics 
remain more stable than for the —0.8 tilt and 0.25 M. A. C. 
center-of-gravity position; and, in addition, a reduction of 10 
pounds per g is realized in the stick force in maneuvers. 

Flaps deflected. — The stick force against velocity was 
computed for a typical approach condition with the elevator 
assumed trimmed for a (7^=1.0 and a velocity of 124 miles 
per hom\ In this attitude if there is a balked landing re- 
quiring the application of power or if power must be applied 
to maintain a given sinking speed, the airplane will become 
marginally stal)le with 920 horsepower at 120 miles per 
horn- and will l)e unstable throughout the speed range with 
2,100 horsepower (fig. 27(a)). In contrast, tilting the pro- 
peller gives satisfactory stabihty for 920 horsepower and 



marginal stability at about 90 miles per hour with 2,100 
horsepower (fig. 27(b)). 

APPLICATION TO OTHER DESIGNS 

It is the purpose of this section to show the comparison 
between experimental results and those which would be 
predicted from available theory. The demonstration of 
the computation of the results from this theory serves to 
illustrate the methods by which the effect of tilting the pro- 
])eller can be estimated for other designs. 

The computation methods follow in general those outlined 
in reference 1, with some modification in detail. These com- 
putations naturally divide themselves into two parts: one 
dealing with the eflects due to the direct propeller forces, 
the other dealing with the effects resulting from the changes 
in the slipstream insofar as it influences the contributioii of 
pitcliing moment by the tail. 



L/ff coefficient, 

.6 .d 1.0 1.^ 1.4 1.6 /.8 2.0 2.2 2.4 
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EFFECTS OF DIRECT PROPELLER FORCES 

Following conventional practice, the propeller forces can 
be broken down into the component m iiiii; along the thrust 
axis and the component normal to the tlirust axis. From 
reference to figure 1, it is evident that the moment about 
the center of gravity produced by these forces will be as 
follows: 



AC. 



T2 . Npl, 
'prop- jipV'Sc'^ YipY'Sc 



Substituting for T and A'^ the relations 

Np=Cf,„ pn^D*=K sin d pnW (See note.) 



(1) 



(2) 



(3) 
(4) 



Note.— The expression for the normal-force component is derived by the method of Glauert 

as doscrihcd in roCe;ronco 2 (pp. 351-357) and as applied in refcrcnfo I . An alt(>rnato method 
whicli could be used with equally satisfactory rcsiilis is ilic more nccnl dcx clopiiiciii of 
liibncr (rcnM-cncos 3, 4, and 5). Several trials have .sliown t li.ii i he results otttriinni hy rii her 
of I he II I el hods deviate about ofiual amounts from ex peri men la I resuiis. pr()\ t he A' used 
in » lliiierrs inclhod is derived from a i'p afiaiusl Vjnl} vnvxr of llie actual propeller used. 
H such ilaia ate not availiibic, the modification of tht^ A' ol a known propeller by liibncr'.s 
"side-foreo factor" (reference 5) to take care of blade-shape dilYerences gives satisfactory 
results. 




A .6 .3 

Lift coefficieni, 

(a) Te=0 (h) 920 hp. (c) 2,100 hp. (d) 3,450 bp. 

Figure 23.— Effect of propeller operation on elevator hinge moment of a single-engine airplane 
with two tilts of the propeller axis. Normal tail position, flaps up. 



gives the following: 



S c^iV/nD)' S c 



(5) 



Effect due 
to thrust 



Effect due to 
normal force 



For the purpose of determinin^j,- the effect of propeller 
tilt, the absolute magnitude of ^C^n^^^^^ is not of interest. 
Rather, the difference in ^.C^n due to the tilt of the 




.6 1.2 /.6 

Lift coefficient, Cl 

(a) T«=0 (b) 920 hp. (c) 2,100 hp. 

FiOUKE 24.— Effect of propeller operation on elevator hinge moment of a single-engine airplane 
with two tilts of the propeller axis. Normal tail position, flaps deflected 38°. 
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0 4 Q 12 16 0 4 Q 12 16 0 4 6 12 16 

Angle of reference ay is fo relative wind, or, deg 

(ii) rc=() (b) 920 hp. (c) 2,100 hp. 

Figure 25,— EfTect of tilt of propeller axis on the maximum lift coe/Iicient of a smg\Q eng'mc airplane for three power comWVions. Tail off, flaps up and flaps deflected 38°, 
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Normal accelerafioriy in steady turns 
(a) TiItofthepropeIleraxis=-.8»c.,.at.25M.A.C. (b) Tilt of the propeller axis=-5.5» c.,. at .25 M.A.C. (O Tilt of the propeller axis= -5.5° o., at .30 M.A.C 

FIGURE 26.-Eflect of propeller operation on longitudinal handling eharacteristics of a single-engine airplane with two tilts of the propeller axis. Steady flight normal ta,l position, flaps up. 
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100 



120 



140 



160 



180 



160 IdO SO 80 

/nd/coted airspeed, X, mph 

(a) Tilt of the propeller axis= -.8° e.g. at .25 M. A.C. (b) Tilt of the propeller axis= -5.5"^ e.g. at .25 M..\ .C. 

Fir.URE 27.— Effect of propeller operation on longitudinal handling characteristics of a single-engine airplane with two tilts of the propeller axis. Steady flight, normal tail position, 

common flaps deflected 38°. 



Table I.— C^OMPUTATION OF CHANGE IN PITCHING MOMENT DUE TO DIRECT PROPELLER FORCES 

[Flight Condition: 2,100 horsepower, Flaps Up] 



Constants: 

2J)a (2) (12.07)2 




rf(Aa)p 



4-4-^ = 1.355 
c 8.07/ 



=2.18 



-2 
0 
2 
4 
6 
8 
10 
12 
14 



a 

2 



to 

c3 



0. 104 
.276 
.450 
.621 
.800 
.969 
1.129 
1.284 
1.420 



s 



0.015 
.064 
.128 
.196 
.271 
.343 
.413 
.480 
.540 



-0. 0015 
-.0061 
-.0122 
-.0185 
-.0256 
-.0326 
-.0392 
-.0455 
-.0511 



51 c 

o S w 
3 O 

CO • 

« 08 S 

- bio 5 

p o+j fc. 
»- o w 



0.984 
.875 



.620 
.571 
.535 
.505 
.484 



0. 968 
.766 
.591 
.476 
.384 
.326 
.286 
.278 
.234 



§i «j 3 

ill 

ill 

•Si o « 



113 



2.§c 

~ "S- 
w 3 C 



0.082 
.066 
.039 
.032 
.027 
.025 
.025 
.024 
.024 



0.226 
.601 
.980 
1.352 
1.742 
2.110 
2. 458 
2. 796 
3.092 



+ 
> 

+ 



1,010 
1.039 
1.076 
1.112 
1.150 
1.185 
1.216 
1.247 
1.271 



0.224 
.579 
.910 
1.216 
1.515 
1.781 
2.020 
2. 241 
2.430 



(I 



-7. 276 
-4. 921 
-2.690 
-.284 
2.015 
4. 281 
6. 620 
8. 741 
10. 930 



12 



-0. 1266 
-.0858 
-.0452 
-.0050 
.0352 
.0746 
.1135 
.1520 
.1896 



(I 



-2. 576 
-.221 
2.110 
4.416 
6. 715 
8.981 
11.220 
13. 441 
15.630 



-0.0449 
-.0039 
.0368 
.0770 
.1169 
.1561 
.1946 
.2325 



-0. 0080 
-.0069 
-.0063 
-.0064 
-.0066 
-.0072 
-.0082 
-.0081 
-.0095 



<1 



-0. 0095 
-.0130 
-.0185 
-.0249 
-.0322 
-.0398 
-.0474 
-.0536 
-.0606 
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propelloj" (referred to liei'eafter as A(A(7;^^^^^)), is to be 
evaluated. This eliminates any large discrepancy in the 
absolute magnitude of A^m^,^^ which might exist. Thus 
the effect of the tilt of the propeller in the case at hand will 
be as follows: 

2DI h (K sin^_5.5 iiCsini9-o.8 \ ... 
S~1\ {VlnDY (V/nDy J 

By use of tlie above equation and the data of figures 6, 7, 
8, and 28, the effect of the direct propeller forces was com- 
puted for the several power conditions, flaps up and flaps 
down. (Table I shows a sample computation for the 2,100- 
horsepower, flaps up condition and serves as an illustrative 
example of the method.) The results and the corresponding 
(experimental data obtained from the tail-off runs are shown 
on figures 29 and 30. 




li/sem/span 

Figure 28.— Variation of upvvasli with distance ahead of 1/4 chord line of eHiptic wings of 
various aspect ratios. 



The comparison, both with fUips up and flaps down, is 
good when considered on the basis of A{A(^\t^^^J. It is 
worthy of note that the vertical force ('ontril)u(ion to 
A(ACm ) consists almost entirely of a shili in the ciii x c and 
contributes very Uttle change in slope. This suggests a 
considerable simplification of the computation by consider- 
ing only the 7 c term in the above expression for A(ACm^^Jf 
since normally only the change in slope is of significance, 
the vertical shift of the curves being unimportant. If this 
is done and equation (6) is differentiated, considering the 
second term a constant, the following relationship results: 

^ncT'^dc, y^s ) V ^ - T^J ^^^^ 

This equation is readily evaluated since for a given tilt of 
the propefler dTddCL is the only variable with Cl- 

Lift coefficient, Cl 




(a) 920 hp. (b) 2,100 hp. (c) 3,450 hp. 



Figure 29.— Comparison of computed and experimental increment of pitching moment due 
directly to the change of the line of action of the thrust and normal force of the tilted pro- 
peller. Flaps up. 
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EFFECT ON THE TAIL PITCHING MOMENT 

In accordanro witli the i)i()( (>diiro of reference 1 (and with 
the simpUfying assuniplion that q/q^ at the tail with power 
off is equal to 1), the effect of shpstream on the tail pitching 
moment can be broken down into the following components: 



ACr. 



-Ae 



^^^^ di, 



dit 



(7) 



Effect due to 
change of 
down wash 
in the slip- 
stream. 



Effect due to com- 
bined change in 
downwash and q 
in the slipstream. 



Effect due to 
changed q 
in the slip- 
stream. 



It is to be anticipated that tilting the propeller axis will 
affect the first and second terms by virtue of the difference in 
downwash increment due to power. This difference will 
arise from the fact that the vertical component of the thrust 
is decreased, so that from momentum considerations the 
downwash induced by the propeller will be decreased. This 
will be a stabilizing effect. In addition, the changed down- 
wash will result in a different juxtaposition between the 
slipstream and the tail, so that a different area of the tail 
will be immersed. As a result (Ag/gJe// will be changed, and 
the second and thhd terms of the preceding equation wdll be 
affected. This influ(^nce will be stabilizing or destabilizing, 



dependent on the load on the tail and the original location of 
the tail in the slipstream. 

As was the case in considering the direct propeller forces, 
the absolute magnitude of ACm. is not of interest for this 

tail 

analysis, merely the difference in this quantity caused by 
tilting the propeller (referred to hereafter as A(ACm^^.)). 
However, this difference cannot be directly evaluated as it 
was for the direct propeller forces, but must be determined 
by first computing ACm^^.^ for each tilt of the propeller and 
then getting the difference. The steps involved in comput- 
ing ACm^^.^ are as follows: 

1 . Determine the change in downwash behind the propeller. 

2. Determine the location of the tail in the slipstream and 
the portion of the tail area immersed. 

3. Determine the effective values of Acp and Ag/go for sub- 
stitution in equation (7). 

XoTE.— It should be noted that dCm/dit is the power-off value measured at an angle of 

attack where the tail is free of wake effects. This is normally the highest dCn,/dit measured 

throughout the angle-of-attack range. In contrast Cm, is the actual pitching-moment con- 

*o 

f.ribution of th(^ tail, power off, that is, the difference between the tail-on and tail-off pitching 
moment at cMch anulc of Mitack. 

Normal] rir\ iaiJous from the assumption of free-stream dynamic pressure at the tail with 
power off will not cause significant differences in ACm^^-j as determined from equation (7). 
if an abnormally large decrease in dynamic pressure exists, the factor {q/qo)powtr of should be 
inserted in the first term of equation (7) and iqolq) power of in the last term. 
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(a) 920 hp. 



(b) 2,100 hp. 



FiOTTRK 30. - Comparison of computed and experimental increment of pitching moment due directly to the change of the line of action of the thrust and /lormal force of the tilted propeller. 

Flaps 38°. 
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The foregoing procediu'o must bo repeated for the two tilts 
of the propeller under consideration. The difference in 
^^^taii computed thereby will be the effect of tilt of the 
propeller. 

The change in downwash is computed by the method of 
Glauert (pp. 357 to 359, reference 2) with an added term to 
take care of the fact that 6 does not equal ar (fig. 31) as it 



Norma/ force 



Propeller till (shown negative) 



Propeller axis 



Undisturbed flow 




A Of upwosf) due to w/ng 
Resultant direction of 



flow at propeller disH 



r us el age reference line 
(reference axis) 

ay*=a+propeller tilt 

e=ay-|-Aa 
=a+propcller tilt+Aa 
Figure 31— Schematic diagram showing definition of angles at propeller. 




.2 



.3 A 3 
Thrust coefficient, 

, , ^ 2«/:(l+a) 

(a) ^2-(i+2a)Il+aa+/^)l 

/i ^ _ (2Q)(l+fl)(l + /:) 

(b) ^'-(i+2a)[l+a(l+/:)] 

Fii;UKE 32.— Variatiou of K\ and K% with Tc and A'/ ( VlnD)- 



does in Glauert's original analysis. (See appendixes B and 
C.) Thus, 



(2a)(l+a)(l+Ar) 
(l+26^)[l+a(l+X)] 

2aA:(l+a) 



(l+2a)[l+a(l+t)] 



(9) 
(10) 



where K is the function of VlnD and blade angh' for an 
inclined propeller used previously for determining the normal 
force acting on the propeUer, and is defined as 



if=0.365a 



y 1 



da 



'nD2C,d(yin. 



(11) 



The variation of and K2 with Tc and K/iVlnDy is 
shown on figure 32. 

With the value of Aep determined, the location of the slip- 
stream and the area of the tail immersed therein can be 
determined either graphically or analytically from the 
geometrical considerations outlined in figure 33.- 

In accoj-dance with Smelt and Davies (reference 6) the 
values of Aep and Aq/qo are as follows: 



St. 



qo eff ^ Stail / 

\qo /eff \ 



i mmera ed \ 

Stall / 



where 



+ 8T, 

TT 



(12) 



(13) 



(13a) 



(14) 



and X is an empirical factor which for usual relations of 
slipstream and immersed tail will be L 

Substitution of the appropriate values of Aep^^^, i^qf) ^'^^ 
and ( — XA€p) in equation (7) then results in ACmtaii' It 

\qo /eff 

should be observed that dCjdh and Om,^ are the values 
estimated, ov det(n-miiUHl from power-off tests. 

The foregouig procedure has been carried out for four tail 
heights, for both propeller tilts, and the value of A^ACmtaii) 
then determined. (An illustrative computation for the 
flaps-up, 2,100-horsepower conditions is given in table II.) 

The tail heights are 0, 2.25 (normal tail position), 4.50 
(raised tail position^ jnnl (>.75 feet above the reference hue 
wliich covers the laiigr likely to be found in normal designs. 
In terms of the propeller dimensions the heights are approxi- 

2 This procedure is based on the assumptions outlined in reference 1, that the slipstream 
remains substantially evlindrieal. Despite the distortion of the slipstream which is known 

lo exist the :iii itl;irics (if'rcfciciu't' 1 . nnd :it least five other airplanes to which the method has 

I.ecll it.plii (i <ll'i\v tli:il I he :i\ ri:i-c Jie„ and I i le Jir/ V/„ i 11 I lie slipsi leaul COinpUtod from SUCh 

•is-iiiiiiii i.in-"( (>! ies|)(.rHi (piiie well w it h experiiiieiii al (»l>sei \ ai ions. It is true that there is a 
furilier eliaiiiie in downwasli in.liiee<| l.y Ilie [u-oi leller in llie How oiilside t lie slipstream. This 
cliaii'M' ari<es from t lie eliani^ed voi le.\ svsieiii of I lie w in- in t he slipsi i e:ini (low. i See Konin^, 
I), n relei-cnee 2.) It al>soliiie ni;i'jnil udes of AT.,,. were of inteivsi this dnu nw iisli would 
have to be evaluated, llowevef. since only t lie .lill'ereiiee in ^r,, , ^ . , due lo lilr of i lie picpeller 
is concerned, onlv the diiTerenee in Ae,, due lo the piojx llrr iireM \n> e\-alij;iie(i. (.)n the 
assumption that tilting the iiio|iellei will not api)rt'C'ial)!y alleei the wirit' vortt'x system, the 
diiTerenee due to tilt of the iMop' ller will consist entirely of that arising from the reduced 
vertical component of the thnisi . I'his quantity is evaluated by ecjuaiion (8). 
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/Undisturbed flow 



Cti ' average chord immersed 
Sti = bti X Cti 



T^ptoy^ (shown positive) 



Propeller slipstream- 



^ 1^-^^^ , - ' " -Propeller slipstream ~ . 

^ I I ^^^^ 

A' dt (shown positive] ^"^^^ir- 

mt^'^y^Jf^^^^:::^^^^ ot propeller slipstream ' 



'^■Reference axis 



Slipstream displacement from propeller to wing=7/jp to u.= ^^^^gy^* — 

hia—fuQ—Atp 

Slipstream displacement from wing to tail=7nu, to t= 

Slipstream displacement at tail=7»<=7np to tc+mu> to t 
Height of tail above slipstream ht=mt—(lt 
FioxjRE 33— Graphical illustration of relation between tail location and center line of slip-stream. 



O .2 .4 .6 .8 1.0 /.2 1.4 l£ 




(a) 920 hp. (b) 2,100 hp. (c) 3,450 hp. 

Figure 34.— Computed change in pitching moment of the tail due to propeller tilt. Flaps up, four tail heights. 
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mately 0, 1/3/?, 2/3/?, and /? above the reference line. The 
computed values of A{ACm^^.) are shown on figures 34 and 
35. They furnish an idea of the magnitude of the effects 
of tilt of the propeller on the tail, and the rate at which these 
effects chajige with tail height. 11 will be observed that, 
with flaps up, the normal tail is in the position which (exper- 
iences close to the maximum effect, amounting to a change 
in (ICJcICl of -0.022 at a Cl of 0.8 (compai-ed to -0.046 
obtained from the direct propeller forces). The higher tail 
positions are farther from the center of the slipstri^am and, 
therefore, less affected, by it. To give a physical picture of 
this effect, and to clarify the steps of the computation, figures 
36 and 37 have been prepared showuig the relative location 
of the tail and slipstream, the tail area immersed and the 
magnitude of the Aep and Aq/qo eft'ect. As shown on figure 37, 
with flaps down, the slipstream is below the tail for the major 
part of the operating range and, therefore, A(A(\„^^.^) is zero. 
Reference to these two figures will aid in folloA\ing the com- 
putation outline of tables I and II. 

The extent to which the experiment confirms the compu- 
tations is shown on figures 38 and 39, where the summation 
of the computed effect of the direct propeller ^forces and the 
tail efl'ects is compared with tlu^ expcrinunital determination. 
For the flaps-uj) coiuUtion, where a major portion of the tail 
is immersed iji the sli])stream, the computations tend to over- 
estimate the effect of the tilt of the propeller on the tail. 
This is probably due to the slipstream being distorted ratiiei' 
than the idealized cylindrical shape. The fact that some* 
small effect is measured flaps down, when the computations 
iudicate the tail to be just out of the slipstream, fits in with 
the hypothesis. It is worthy of note that the theory indi- 
cates the proper trend; that is, the reduced effect of tilt on 
the raised tail, which was measured (fig. 15), is predicted 
(fig. 34). 

.02 



The over-all accui'acy of the method can he judged on the 
basis of figures 38 and 39. At the higher powers (where the 
eft'ects of experimental scatter are less pronounced) the pre- 
dicted increment in A{AC„i) tends to run between 1.1 and 1.2 
of that measured. It is ])elieved that such a check is close 
enough to justify use of the method in analyses which are 
made in the preliminary (h'sign stage and wiJl serve to 
evaluate with sufficient accuracy the h(Miefits to be obtained 
from tilt of the propeller. 

CONCLUDING REMARKS 

The experimental results are consicUu'ed to show quite 
definitely the advantages to be gained by a downward tilt of 
the propeller. It is clearly indicated that a 5° dowiiwai-d tilt 
of the propeller will cause a rearward shift of the neutral 
point ranging from 0.05 to 0.10 M. A. C. at normal climb lift 
coefficients with power typical of modern airplanes. This 
should considerably ease the difficulty of obtaining stability 
inider these high-power low-speed conditions, so that a 
reduction in the high-speed stability, where power effects are 
negligil)le, would be permissible. Advantage can then be 
taken of this fact in order to ease the elevator balance require- 
ments for tlu^ nllninnient of low stick forces per (j. 

The generalization of the results is made possible by the 
use of the computation procedure outlined. It is believed 
that the check between the over-all experimental and pre- 
dicted results is sufficiently close to justify use of the method 
in the preliminary design stage. 



Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
MoFFETT Field, Calif., 1944. 
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.02- 



-02^ 
.6 



.0 ft 



.8 



1.0 



1.2 



i.d 



2.0 



2.2 



/.4 (.6 
Lift coefficient, Cj, 

(a) 920 hp., Note: Tails at (/<=4.5' and higher are out of the slipstream, therefore A(AC'm,^.,) =0. 

(b) 2,100 hp., Note: Tails at di=2.25' and higher are out of the slipstream, therefore A(AC»,j^.^) =0. 
Fir.uRE 35— Computed change in pitching moment of the tail due to propeller tilt. Flaps deflected 38°. 
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Propel ler downwosh and 

, OOO I A q /q^ effec t -. OOOS.^ 
\. 0043 A q /q^ effect .00 44 \ 
Propel ler downwosh \\ 
-^-00/0 effect -0089-^/ \ 

- — — I ^ ^^-'^ 

.0032 AC; -.0051 



a - .073 



Propeller downwosh and 

-^.0/17 Aq /q^ effect 0045 -\ 

~^-.0ll7 Aq/q^ effect '0I22^^\ 
Propel ler downwosh [J 
0309 effect_0Ja0-^z^f2d 



:0309 AC^^ .0O43- 



T 



RT. 




RT. 


-5.5" 




= 2.44' 


A,, = 


.92" 




= 7.38'' 


= 


7.36° 


s 


- .378 


s = 


.378 



Propeller downwosh and 
,..0385 Aq/q^ effect 0257--^---- 
-0553 Aq/q^ effect -.0585^ 
Propel ler downwosh \ 
.0703 effect. 0470- 



Slipstream center lin^, 
P. T. ^ -5.5 deg'/ 
- .6 



0535 AC^^ .0142' 



RT. = 


- .(9° 


RT. 


= '5.5'' 


At, = 


5.46^ 




= 3.57" 




10.72'' 




- I0.72'' 


8 = 


.547 


& 


^ .547 



(P. T. = propeller filt) 

Figure 36.— Schematic pictures of slipstream location with two tilts of the propeller axis. Normal tail location, flaps 0°, 2,1()0 horsepower. 



Summation of the components of the tail 
pitching moment 
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Figure 37— Schematic pictures of slipstream location with two tilts of the propeller axis. 
Normal tail location, flaps deflected 38°, 2,100 horsepower. 



O .8 A .6 .8 1,0 /.£• 




(a) 020 hp. (b) 2,100 hp. (c) 3.450 hp. 

Figure 38.— Comparison of the over-all computed and experimental effects of propeller tilt. 
Flaps up, normal tail. 
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2.4- 



(a) 920 hi). (b) 2,100 hp. 

FiouHE 39.— Comparison of the over-all computed and experimental elTects of propeller tilt. 
Flaps deflected 38°, normal tail. 
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APPENDIX A 

SYMBOLS 



The following symbois are used in this report. Wherever 
possible standard symbols have been used. 



Co 

prov 

AC„, 

A(Aa.) 
dCJdii 

Cm. 



I) 

R 

n 
p 



r 



K 



k 



CL 

ar 



Lift coefficient 
Drag: coefficient 
Pitching-inoincMit coefficient 
Change in pitching-moment coefficient due to 

direct propeller forces 
Change in pitching-moment coefficient due to 

slipstream on tail 
Snmmation of ACm -{-Cm, , 

'"prop '"tail 

Increment in ACm due to propeller tilt 
Rate of change of pitching-moment coefficient 
with tail incidence 

Pitching moment due to tail, with power off. 
If power-off force* tests are available, this 
can be d(*l ('/-uiiiKMl from difference between 
C,„ with tail on, with tail off, at equal 
a (not equal Cl) 

l^ropeller (Ha meter 

Pi"0|)eller radius 

Airspeed 

Revolutions of propellej- ])cr secoJid 
Air density 

Power input to propcllci* 
Power coefficient (^^^^3^5^ 
Axial propeller thrust 



Thrust coeffici(Mit 



Force normal to propeller axis due to inclina- 
tion of propeller to air stream 



Propeller noi'mal-force coefficienl 
Propell(»r normal-for'C(> factor, 



pirl)\ 



0 365C P-^ (x-^ -dC^\ 



(See fig. 7 for variation of K against V/nD 

for test propeller at ^3=21.0^) 
Parameter for determining downwash Ix'hind 

inclined pro|)cll(M" (hie to 
Parameter for dct ci inining downwash hcliind 

inchned projX'lhM' due to Aa 
Factor* used in computing Ki and K2 

^KVInDy^ 

Angle of reference* axis to relative wind 
Angle of prop<'ll(M 1 hrust axis to relative wind, 

a+tilt of the j)roi)(^ller 
AVing upwash at pi*opell(M' disk without shp- 

stream inflow (upflow positive*) 
Wing Uj)\\ash at propeller disk with sHp- 

stream in flow 



e 



defdo 



Ae„ 



"2 



{Aq/go)eu 



S 
S, 

b 

c 

Ce 

it 

U 

u 



I 



disk I 



d, 

he 
H 

dCJdit 

F 
!J 

Subscripts 

—5.51 

— osl 



Inclination of propeller axis to resultant direc- 
tion of wind at horizontal c(Mit(u* fine of 
propeller disk (ar + Aa) 
Ratio of rate of change of 6 to a (dependent 

on distance ahead of wing, fig. 28) 
Downwash behind wing, witli [)ower off (to 
be taken as that at center hue of wake 
unh^ss slipstn^am is very nuicli above or 
below wing) 
Increment in downwash, in slipstream (hie to 

propeller foi-ces 
That part of Aep due to ar 
That part of Aep due to Aa 
Local dynamic pressure 
Free-stream dynamic pressure 
iq — qo) in slipstr(mm 

[Effective change in these two (plant ities as 
determin(Ml by change in tail pitching 
moment 

V(^locity increment factoi* at propeller disk 
Air V(»locity through j)ropeller 
\'elocitv increnuMit factor back of |)i()])eller 

Air velocity back of propc^lhM- disk in th(* 
slipstream 
Wing area 
Tail area 

Elevator aiuni aft of iiingc* line 
Wing span 

Span of tail immersed in slipstream 

Wing mean aerodynamic chord 

Average chord of tail immersed 

Area of tail inunersed in slipstream {bt^Xct^) 

Average elevator ch(U (l aft of hinge line 

Tail incidence to reference line 

Elevator angle, degrees 

Distance from propeller disk to center of gravity 

of airplane (measured parallel to thrust line) 
Distance from center of gravity to (levator hinge 

fine (measured parallel to thrust fine) 
Distance from center of gravity to thrust line, 
positive when center of gravity is above thrust 
line (measured perpendicular to thrust line) 
Distance from elevator hinge line to reference 
axis, positive when tail is above reference axis 
(measured perp(»ndicular to reference axis) 
Distanc(» from slipstream center line to tail, 

positive when slipstream is above tail 
Elevator hinge moment 

Elevator hinge-moment coefficient ( U ^ 

xqScCe/ 

Rate of change of elevator hinge-moment coeffi- 
cient with tail incidence 
Fll(*va t oi" St iek forc(* 
Acc(*lerat ion of gravity (32.2 ft/sec^) 



magnitu(l(» of tilt of the })ro|)(41er axis 
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APPENDIX B 



Jn the computation of tlic iioruuil force acting on a pro- 
peller in the presence of a wing it is necessary to know the 
additional efl'ective tilt of the propeller (Aa), caused by the 
upvvasli in front of the wing. In the report this has been 
expressed as 

_ d {Aoij,ou,gr off) 



A^power off 



power on 

Thrust axis 



stream 



Propeller disk-. 



(Bl) 
(B2) 



/ (ff-€-hdct) = angle 
of f/ow of propel /er 




thrust axis 



A(X power on- 



./^cx power off 

V ''Aa power oh 
Figure 40.— DiaJinimmatic representation of flow at propeller disk, 

Tlie relation betwtuM^ tl^e powei'-off and the power-on Aa 
takes into account IIh^ increased axial velocity at the pro- 



peller (fig. 40) (hie to iiillow. The value of 



d(AOipowero(r) 

dCV 



IS 



given in figure 28 as a function of tlie two main variables, 
wing aspect ratio and distance forward of the wing quarter 
chord line. (Vertical location of propeller assumed to be 
sufficiently close to ai-axis of wing so that it is not a sig- 
nificant variable.) This variation has been derived as 
follows. Th(» down wash e at any point along the a--axis of 
the wing with elliptical span loading will be 

drj 



where 



_2 p/2f x'-v' 



(B3) 




b/2 



(B4) 



and Co i^ the downwash at the lifting line 

'''-^ 

and in th(^ terms of the sign conventions of tliis report 

Substituting in equation (B3) and diirerentiating gives 

d{Aa) _,_de 2_ ^'^ \ x'-v'\ dy 

dC^ ~ dC^~ it' A J, Y X |V(672F-^^ ^ 
The curves of figure 28 arc^ a plot of this equation for various 

X 

values of and aspect ratio. 



APPENDIX C 



In (his appendix (he symbol notation used by Glauert in 
reference 2 is used, rather than that of the main body of 
this report, so that ready cross reference can be made. 

Glauert in reference 2 (pp. 357-360) develops a relation 
between the si(h' force V on a propeller and the increased 
angle of downwash e behind it. For the case considered the 
side force is proportional and 



W ll(M'( 



0 = k(e-e) 



(CI) 
(C2) 



TR L 2Qc^d\_\ 



-0.365C, (l -^^ 2C,^d(V/nD) 



) 



Tlic angle (d—e) as shown in ligm-e 123 of refeivnce 2 is the 
inclination of the propeller at the propeller disk. In the 
case of a prop(^ller in the presence of the wing, the inclina- 
tion of the propc^ller is increascMl by Aa, the upwash in front 
of the wing at (he ()r()peller disk. (See fig. 40 of this report.) 
Thus for this case 

l3 = K(d-e + Aa) (C3) 



Substitution of this expression for 13 (instead of (^cjiiation 
(C2)) in the equations 



e—fi V-Yw 1+a 
e, 2w 2a 



V+2w l+2a 

results in tin* following 

_ a(l+k)d Aaka 

' 1 +a(l +k) (1 -a) [1 +a(l +k)] 



f ^(2a)( l+a)(l+^) I 
l(l+2a)[l+a(l+t)l) 



Aa2ak(l+a) 



(C4) 



(C5) 



(C6) 



(C7) 



'(l+2a)Il+a(l+A')l 
It will be noted that the first term of each of the above 
equations is that due to the inclination of the propeller to 
the free stream and is equal to the Glauert expression for 
same. The scH'ond term is the supplemental downwash 
arising from the increase in propeller normal force due to 
the wing upwash. 

In the report Ki and K> are defined in accordance with 
e(juation (C7) so that 

e,^K,e+K2Aa (C8) 
The variation of Ki and K2 with K/iV/nD)'' and 7\ is 
given in figure 32. 
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z 

Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Designation 


Sym- 
bol 


Longitudinal 

Lateral 


X 
Y 
Z 


Normal 





Force 
(parallel 
to axis) 
symbol 



X 
Y 
Z 



Moment about axis 



Designation 



Rolling- 
Pitching. 
Yawing.. 



Sym- 
bol 



L 
M 
N 



Positive 
direction 



Y- 
Z- 
X- 



^x 



Angle 



Designa- 
tion 



Roll- 
Pitch. 
Yaw 



Sym- 
bol 



Velocities 



Linear 
(compo- 
nent along 
axis) 



u 

V 

w 



Angular 



P 
Q 
r 



Absolute coefficients of moment 
(rolling) (pitching) 



(yawmg) 



Angle of set of control surface (relative to neutral 
position), d. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



D 

V 

p/D 

Vs 
T 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 



Q Torque, absolute coefficient Cq 



1 hp = 76.04 kg-m/s = 5o0 ft-lb/sec 
1 metric horsepower=0.9863 hp 
1 mp}i= 0.4470 mps 
1 mps= 2.2369 mph 





P 








n 


T 


n 


pn'D* 




_ Q 









Power, absolute coefficient C^p— pj^zjjs 

Speed-power coefficient =-^^^2 
Efficiency 

Revolutions per second, rps 
Effective helix aiigJG = ^^^~^(^27r77i} 



5. NUMERICAL RELATIONS 

1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 mi=l,G09.35 m= 
1 m=3.2808 ft 



= 5,280 ft 



